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Edited by Robert B. RussellAbstract The structure of the photoactivated deprotonated rho-
dopsin intermediate was compared with two diﬀerent structures
of dark rhodopsin. Structure comparisons relied on the computa-
tion of molecular indices and on docking simulations with hetero-
trimeric transducin (Gt).
The results of this study provide the ﬁrst evidence that dark
and photoactivated rhodopsins share a common recognition
mode to Gt, characterized by the docking of the Gta C-tail in
the proximity to the E/DRY motif of rhodopsin.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The photoreceptor rhodopsin (Rho), cornerstone of the fam-
ily A of G protein coupled receptors (GPCRs), is involved in
the molecular transformation of light energy into a neuronal
signal transmitted to the secondary neurons of the retina and
ultimately to the brain [1]. The signal mediated by Rho is made
up of two components: the bound chromophore (retinal),
which undergoes cis–trans photoisomerization, and the trigger
of such photoisomerization, a photon [1]. Light-induced fast
isomerization of retinal (200 fs) triggers a cascade of early
photointermediate states, characterized by nano to microsec-
ond relaxation kinetics, resulting in the active state of the pho-
toreceptor, i.e. Meta II (MII). According to a very recent
scheme, MII exists in three equilibrium forms, MIIa, MIIb
and MIIbH
+. In detail, (a) MIIa is in equilibrium with Meta
I (MI), following Schiﬀ base (SB) deprotonation, (b) MIIb is
in equilibrium with MIIa, following helix 6 (H6) motion, and
(c) MIIbH
+ is in equilibrium with MIIb, following proton up-
take from the cytosol presumably at E134 of the E/DRY motif
[2].
Since recently, the gross of the conformational changes
thought to accompany Rho activation were ascribed to MII
formation. In this respect, an important detachment of H3
and H6, essentially due to an outward tilt of H6, was inferred
as the major structural change accompanying MII formation,
based upon the results of site directed spin labeling (SDSL)*Corresponding author. Fax: +39 059 37353.
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H3 and H6 was also postulated to be an essential event in
Rho activation, based upon experiments with metal-ion-bind-
ing sites linking the cytosolic ends of these two helices [4]. In
line with these expectations, MII is commonly considered as
the only Rho form intended for recognizing transducin (Gt)
[5–7]. In contrast to this view, our recent studies suggest that
also inactive dark Rho has the potential to recognize heterotri-
meric Gt and that the essential molecular determinants for Gt
recognition and activation are held by a Rho monomer [8,9].
In this respect, the complex between one Rho molecule and
one heterotrimeric Gt is the functional unit, consistent with
ever increasing in vitro evidence [10–14]. These hypotheses
were founded on robust convergence of docking simulations
into the same high scored dark Rho–Gt complex implicating
functionally critical domains at the protein–protein interface.
The recent release of the structural model of a photoactivat-
ed deprotonated intermediate of bovine Rho, reminiscent of
MII (PDB code: 2I37, 4.15 A˚ resolution [15]), revealed unex-
pected signiﬁcant structural similarities between the dark and
photoactivated structures, in contrast to earlier predictions
of activation-associated large conformational rearrangements
[3]. Although it is still a matter of debate to what extent the
2I37 structure represents MII, these advances in structure
determination are in line with recent evidence underlining that
the H6 motions that accompany Rho activation in detergents
are signiﬁcantly attenuated with Rho reconstituted in lipid
bilayers [16,17].
In this study, the structure of the photoactivated deproto-
nated Rho intermediate has been quantitatively compared with
two structures of dark Rho achieved at diﬀerent resolution lev-
els and in diﬀerent experimental conditions (i.e. 2I36, 4.15 A˚
[15], and 1U19, 2.2 A˚ [18]). Structure comparisons relied on
the computation of molecular indices and on docking simula-
tions with heterotrimeric Gt. The results of this study provide
the ﬁrst evidence that dark and photoactivated Rho share a
common recognition mode to Gt.2. Methods
The analysis of the structural complementarity between the cytosolic
domains of dark Rho and heterotrimeric Gt was carried out by means
of the rigid-body docking algorithm ZDOCK (ZD [19]), following the
same setup as the one previously described [8,9]. Rho was used as a
ﬁxed protein (i.e. target), whereas heterotrimeric Gt was allowed to ex-
plore all the possible orientations around the cytosolic domains of the
target (i.e. probe). Diﬀerent structural models of Rho were employed.
In this respect, (a) the trigonal structures of dark and photoactivated
Rho (PDB codes: 2I36 and 2I37 (chain C), respectively) were employedblished by Elsevier B.V. All rights reserved.
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only for 2I37; and (b) the highest resolution structure of dark Rho
(PDB code: 1U19 [18]) was probed in a 1–326 truncated form. It is
worth noting that previous docking simulations between Rho and Gt
concerned with the 1U19 structure in its full-length (i.e. 1–348) [8,9].
The Gt structure employed as a probe was the one named as
Gt_mut1 in our previous study [8]. In detail, it was a modiﬁed version
of the crystal structure of Gtab1c1 (i.e. a Gta/Gia1 chimera, in which res-
idues 216–294 of Gta were replaced with the corresponding residues
(220–298) from Gia1; PDB code: 1GOT [20]). Structural modiﬁcations
consisted in mutation of the chimeric sequence of the a-subunit into
that of wild type bovine Gt. Another modiﬁcation in the a-subunit in-
cluded the addition of the 342–350 amino acid stretch from the NMR
structural model 8 of the last 10 amino acids of Gt (i.e. PDB code:
1AQG [21]), following deletion of the 342–343 amino acid pair. The
c-subunit from the 1GOT structure was replaced with the one from
the Gtbc-phosducin complex (PDB code 1A0R [22]) because of its al-
most complete N-term (i.e. it lacks only the ﬁrst amino acid). The C-
terminus of the c-subunit was, then, completed of the last 5 amino
acids and the last 12 amino acids were assigned a a-helix conformation.
These conformations of the C-terms of both the a- and c-subunits are
thought to be held by the receptor-bound forms of the peptides [21,23].
To improve sampling eﬃciency, the Rho portions 1–59, 76–130,
157–220 and 252–308, corresponding to the transmembrane and extra-
cellular domains, were not taken into account in docking simulations.
A rotational sampling interval of 6 was employed, and the best 4000
solutions were retained and ranked according to the ZD score. To ﬁlter
the most reliable solutions among the 4000 best scored ones, a 20 A˚
distance cutoﬀ between the Ca-atoms of R135
Rho and F350Gta was em-
ployed. Indeed, this broad distance cutoﬀ accounts for the body of
information from in vitro experiments on Rho-transducin interaction
(reviewed in Refs. [7,24]). Distance-based ﬁltering was carried out by
means of the FIPD software [25]. For each docking run, all the solu-
tions falling below the distance cutoﬀ were subjected to cluster analysis
followed by visual inspection of the cluster centers (i.e. the solutions
representative of each clusters). A Ca-root mean square deviation
(RMSD) of 4.0 A˚ was employed as a threshold for clustering (see
Ref. [8] for details). For each docking run (one for each Rho structural
model), only one predicted complex was achieved, consisting in the
best scored solution from the most reliable cluster. The reliability of
a solution cluster was dictated, at least in part, by the membrane topol-
ogy of the G protein. Acceptable membrane topologies were consid-
ered those characterized by the main axis of the N-terminal a-helix
of Gta (i.e. aN) close enough to the membrane surface to allow the
hydrophobic N-acyl and farnesyl modiﬁcations of the a- and c-sub-
unit, respectively, to insert into the membrane. It is worth noting that,
for all the docking runs, all the solution clusters except one held
unequivocally unreliable membrane topologies of Gt, which could be
easily appreciated based upon visual inspection.
Structure comparisons of the diﬀerent Rho–Gt predicted complexes
were based on the main chain RMSDs of the following amino acid
stretches: 61–73 and 134–153, of Rho, and 336–349 of Gta. Indeed,
these portions cover the gross of the Rho–Gt interface, minimizing
the structural diﬀerences in length and conformation of the diﬀerent
structural models of Rho. Main chain RMSDs were additionally com-
puted only on the 336–349 amino acid stretch of Gta with no further
superimposition.
Each docking run took approximately 50 h of CPU time on a
2.6 GHz Opteron processor with 4 GB RAM.
Energy minimization of the predicted Rho–Gt complexes, one from
each docking run, were done by means of CHARMM [26], by employ-
ing the GBSW implicit water/membrane model [27]. With respect to
the physical parameters representing the membrane in the GB model,
the surface tension coeﬃcient (representing the non-polar solvation en-
ergy) was set to 0.03 kcal/mol A˚2. Furthermore, the membrane thick-
ness centered at Z = 0 was set to 30.0 A˚ with a membrane smoothing
length of 5.0 A˚ (wm = 2.5 A˚).
Minimizations were carried out using 1500 steps of steepest descent,
followed by Adopted Basis Newton–Raphson (ABNR) minimization
until the root mean square gradient was less than 0.001 kcal/mol A˚.
All the backbone atoms except those of the last 10 amino acids of
Gta were kept ﬁxed during energy minimization. Furthermore, side
chain energy minimizations concerned with the amino acids at
the receptor-G protein interface including the last 10 amino acids of
Gta.The interaction energy (IE) between Rho and Gta in each energy
minimized complex was computed as the diﬀerence between the total
energy of the complex and the energies of each protein in the complex.
The solvent accessible surface area (SAS) was computed within the
QUANTA package, by employing a probe radius of 1.4 A˚.3. Results and discussion
3.1. The intrinsic structural diﬀerences between dark and
photoactivated Rho rely on the cytosolic exposure of H3,
H5 and H6
Our previous computational studies, aimed at ﬁnding the
intramolecular structural features diﬀerentiating mutation-
and ligand-induced inactive from the active states of a number
of GPCRs, essentially focused on the interaction pattern of the
arginine of the E/DRY highly conserved motif and on the sol-
vent exposure of the cytosolic extensions of H3, H5 and H6
[24,28]. The latter feature was, indeed, the most signiﬁcant
hallmark of the receptor functional state (i.e. active or inactive)
undergoing an increase in the active states compared to the
inactive one [24,28].
The comparative analysis of dark and photoactivated Rho
corroborate the predictions of computational modeling of
homologous GPCRs [24]. In fact, the most signiﬁcant struc-
tural diﬀerence between the trigonal structures of dark and
photoactivated Rho at the same resolution (i.e. 2I36 and
2I37, respectively [15]) resides in the solvent exposure of the
cytosolic ends of H3, H5 and H6, being codiﬁed by the SAS
index computed over L72, R135, V138, V139, L226 and
E247. This index is, in fact, 205 A˚2 in 2I36, whereas it is
299 A˚2 in 2I37 (Table 1 and Fig. 1). In line with the trend
observed with the 2I36 structure of dark Rho, the SAS index
results lower than that of photoactivated Rho also for the high
resolution 1U19 structure (i.e. SAS = 170 A˚2) (Table 1).
Collectively, structural comparison of isolated dark and
photoactivated Rho structures suggests that, in spite of a sub-
stantially similar helix arrangement, the two functionally dif-
ferent states of the photoreceptor moderately diﬀer in the
solvent accessibility of the cytosolic ends of H3, H5 and H6,
which appear slightly more exposed in the photoactivated state
compared to the dark state. We expect that, even if the 2I37
photoactivated structure turns out not to coincide with MIIb,
the increase in solvent accessibility of the cytosolic ends of H3,
H5 and H6 would remain the main structural diﬀerence be-
tween dark and latest photoactivated Rho states. These
hypotheses are consistent with in vitro evidence that Rho acti-
vation exposes a key hydrophobic binding site on H6 for the
Gt C-terminus [29].
3.2. Dark and photoactivated Rho share common recognition
modes to heterotrimeric Gt
The comparative sampling of the roto-translational space of
heterotrimeric Gt with respect to the cytosolic domains of dark
and photoactivated Rho structures done in this study converge
into a common docking mode, which is the same as the one
predicted by previous docking simulations on the higher reso-
lution structure of dark Rho (i.e. 1U19) in its monomeric, di-
meric and tetrameric forms [8,9]. This overall convergence
occurs disregarding diﬀerences in the: (a) resolution level of
the considered Rho structures, (b) conformation of the third
intracellular loop (IL) that is signiﬁcantly diﬀerent in the
Table 1
Best docking solutions and computational indices
Modela SAS (A˚2)b Nsol.
c Nclust.
d ZD-scoree Rank Nf RMSD (A˚)g
1U19 (1–348)h 170.0 370 33 60.86 12 2.23
1U19 (1–326)i 170.0 223 24 53.26 52 2.09
2I36 (1–326) 206.0 345 48 50.23 103 –
2I37 (1–326) 299.0 307 37 51.15 60 2.35
2I37 (1–333) 299.0 359 39 54.58 37 1.38
aRho structural model employed as a target in each rigid-body docking run.
bSolvent accessible surface area computed over: L72, R135, V138, V139, L226 and E247.
cNumber of docking solutions that passed the distance-based ﬁlter.
dNumber of clusters provided by the cluster analysis of the ﬁltered solutions.
eZDOCK score of the best reliable docking solution from each run.
fRank order of the best reliable docking solution from each run.
gMain chain RMSD (A˚) of the best docking solution with respect to the best docking solution achieved with the 2I36 Rho structure (see Section 2).
hThe docking results concerning 1U19 (1–348) come from our previously published work [8].
iThe best predicted complex concerning the 1U19 (1–326) truncated form shows a main-chain RMSD of 0.59 A˚ from the best complex involving the
complete 1U19 (1–348) form.
Fig. 1. The structural models of dark (2I36, left side) and photoactivated (2I37, right side) Rho, are shown, seen from the intracellular side in a
direction perpendicular to the putative membrane surface. H1, H2, H3, H4, H5, H6 and H7 are, respectively, colored in blue, orange, green, pink,
yellow, cyan and violet. H8 and the C-tail are colored in magenta as well. Il1, Il2 and Il3 are colored in lime, slate and salmon, respectively. Dots
indicate the SAS computed over L72, R135, V138, V139, L226 and E247. This index is 205 A˚2 in 2I36, whereas it is 299 A˚2 in 2I37.
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the 2I37 structure, but is complete in both the 1U19 and
2I36 structures, (d) the length of the C-tail that is variably
incomplete in the 4.5 A˚ resolution models, and, (e) last but
not least, diﬀerences in the cytosolic exposure of H3, H5 and
H6 between dark and photoactivated Rho. Thus, the conver-
gence in the docking results was independent of the resolution
of the cytosolic domains that, even for the highest resolved
1U19 structure, is signiﬁcantly lower than that of the extracel-
lular domains. In fact, shortening the C-tail and lowering the
resolution of the Rho structural models results in the worsen-
ing of the rank number and docking score of an essentially
similar predicted complex. Common feature to all the pre-
dicted complexes is the docking mode of the C-tail of Gta,
which makes contacts with IL2, the cytosolic extensions of
H3 and H6 as well as with H8 of Rho (Figs. 2 and 3). The sim-
ilarities in the predicted interfaces are demonstrated by the fact
that the RMSD of the main-chain atoms of selected interface
amino acids is always lower than 2.23 A˚ (Table 1). Signiﬁcant,
in this respect, is the similarity between the predicted com-
plexes involving dark and photoactivated Rho at the same res-
olution and crystallographic conditions (i.e. 2I36 and 2I37,
respectively). In fact, the main chain RMSDs computed on
the interface amino acids or only on the C-tail of Gta (i.e.
the 336–349 amino acid stretch) are 1.38 and 1.58 A˚, respec-tively. As already inferred from our previous studies [8,9], fol-
lowing side-chain rotations and limited energy minimizations
of all the predicted complexes, the functionally important
R135 of the E/DRY motif makes a salt bridge with the back-
bone carboxylate of Gta (i.e. that of F350), whereas E247 is in-
volved in a salt bridge with K344 in the C-term of Gta (Fig. 2).
Other interactions shared by the complexes involving the dark
2I36 and photoactivated 2I37 structures include the K66Rho–
E23Gta, R147Rho–D188Gta and E150Rho– R27Gta salt bridges.
It is worth noting that the C-tail of Gta penetrates more dee-
ply the cytosolic domains of both the 2I36 and 2I37 structures,
compared to the 1U19 structure. In fact, the distances between
the Cf-atom of R135
Rho and the carboxylate C-atom of
F350Gta before and after energy minimization are, respectively:
(a) 4.74 and 4.64 A˚ in the predicted complex involving 1U19
(1–348), (b) 2.9 and 3.9 A˚ in the predicted complex involving
2I36 (1–326) and (c) 3.7 and 3.6 A˚ in the predicted complex
involving 2I37 (1–333). This eﬀect is correlated with the SAS
molecular index (Table 1).
The complexes involving the two diﬀerent structures of dark
Rho are also characterized by the S240Rho–Y315Gta H-bond-
ing interaction. Additional interactions, which are peculiar to
the predicted complex with the 2I36 inactive structure, include:
E239Rho–K344Gta, K245Rho–D345Gta, E247Rho–K340Gta and
T251Rho–F349Gta (in the latter interaction), the side chain of
Fig. 2. Stereo views of the Rho–Gt predicted complexes involving dark (2I36, top) and photoactivated Rho (2I37, bottom), seen in a direction
parallel to the putative membrane surface. Only selected portions of Gta are shown, colored in violet. As for Rho, only the cytosolic half is shown.
H1, H2, H3, H4, H5, H6 and H7 are, respectively, colored in blue, orange, green, pink, yellow, cyan and magenta. H8 and the C-tail are colored in
magenta as well. IL1, IL2 and IL3 are colored in lime, slate and salmon, respectively. Sticks represent a few selected details of intermolecular
interactions.
Fig. 3. Stereo view of the superimposition between the Gta–dark Rho (violet) and Gta–photoactivated Rho (green) complexes. Drawings were done
by means of the software PYMOL 0.97 (http://pymol.sourceforge.net/).
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Gta (Fig. 2). Finally, structural peculiarities of the predicted
complex between photoactivated Rho and Gt, not shared with
the complexes involving dark Rho, are the salt bridge interac-
tions between K311Rho and D345Gta and between both
D331Rho and E332Rho and R309Gta (Fig. 2). It is worth noting
that some of these peculiar interactions concerning dark andphotoactivated Rho structures at the same resolution concern
amino acids that are not shared by the two incomplete struc-
tures. In fact, E239 and S240 are present in the 2I36 structure
and not in the 2I37 one, whereas, vice versa, D331 and E332
are present in 2I37 and not in 2I36. Therefore, these details
of interaction should not be considered as discriminative ele-
ments of the interfaces involving dark and photoactivated
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face, independent of the photoreceptor state.
The increase in solvent accessibility of the cytosolic ends of
H3, H5 and H6 in photoactivated Rho compared to the dark
form at the same level of resolution (i.e. the 2I37 and 2I36
structures, respectively) correlates with an augmented penetra-
tion of the C-term of Gta into a cavity formed by the cytosolic
extensions of H3 and H6 as well as by the N-term of H8 (Figs.
2 and 3). The latter helix is, indeed, more involved in interac-
tion with Gt in photoactivated Rho, compared to the dark
state. The involvement of H8 in Gt recognition is consistent
with very recent in vitro experiments that implicate H8 in
the process of Rho activation and Gt recognition [30]. Also
the b-subunit faces more the C-tail of photoactivated Rho than
that of dark Rho. Furthermore, the Gt aN-helix approaches
more the putative membrane surface in the predicted complex
with photoactivated Rho, compared to the complex with dark
Rho (Figs. 2 and 3).
The subtle diﬀerences in the SAS index concerning the 2I36
and 2I37 structures correlate with diﬀerences in the interaction
energy between Rho and Gta. Indeed, by considering only the
amino acids shared in common by the two incomplete Rho
structures, the complex with photoactivated Rho is character-
ized by an IE index more negative (i.e. DIE = 9 kcal/mol)
than the IE concerning the complex with dark Rho.4. Conclusions
Comparative analyses of the intrinsic and intermolecular
interaction features of dark and photoactivated Rho suggest
that they recognize Gt in a similar way, characterized by the
docking of the Gta C-tail in the proximity to the E/DRY motif
of Rho. Indeed, an important inference from our previous and
present studies is that the complexes involving dark and photo-
activated Rho share a common coulombic interaction between
the arginine of the E/DRY motif and the C-terminal carboxyl-
ate of Gta. This interaction is, therefore, suggested to be a fun-
damental component of the Rho–Gt interface and a primary
event in the recognition process independent of the activation
state of the photoreceptor.
The role of the b-subunit in Rho recognition would be two-
fold. In fact, in the early stages of the recognition process as
well as in the docking with dark Rho, the major role of this
subunit would consist in contributing to the proper membrane
topology of the heterotrimer, by enlarging the solvent-exposed
positive surface of the aN-helix that would complement the
negative surface of the membrane phosphates [31]. In contrast,
in the docking with photoactivated Rho, the b-subunit is ex-
pected to undergo a more relevant participation in the Rho–
Gt interface. Overall, the process of Rho–Gt recognition that
culminates with Gt activation is expected to involve an ever
increasing participation of selected domains of the a- and b-
subunits in the Rho–Gt interface.
We could not ﬁnd any involvement of the c-subunit in direct
interaction with dark or photoactivated Rho. Unless dramatic
conformational changes occur in the C-tail of Rho upon
photoactivation, which are not appreciable in the structures
available so far, the simultaneous involvement of the C-terms
of Gta and Gtc in the interaction with Rho in its monomeric
state is not feasible. Therefore, the C-term of the c-subunit islikely to participate in the establishment of the proper mem-
brane topology of heterotrimeric Gt in almost all the stages
of the recognition process.
The subtle diﬀerences in the G protein recognition modes by
dark and photoactivated Rho derive from increased solvent
accessibility of the cytosolic extensions of H3, H5 and H6 in
the latter and consist in changes in the details of the interac-
tions that involve H6, H8 and the C-tail of Rho. These diﬀer-
ences may contribute, at least in part, to the modest binding
aﬃnity diﬀerence between dark Rho and MII, as estimated
by Plasmon Waveguide Resonance (PWR) spectroscopy (i.e.
64 nM vs. 0.7 nM, respectively, corresponding to a 2.6 kcal/
mol diﬀerence in free energy [32]).
Taken together, the results of our previous and present stud-
ies suggest that even in the case in which the photoactivated
2I37 structure would result to be an intermediate state in the
photoactivation pathway rather than the latest one, the inter-
action between the E/DRY arginine and the C-term of trans-
ducin would remain a common motif in the interface
between Gt and any Rho state. Diﬀerences in the Rho–Gt
interface amongst the diﬀerent states of Rho are expected to
reside in the extension of the interface, which is directly corre-
lated with increases in solvent exposure of the cytosolic exten-
sions of H3, H5 and H6.
In conclusion, the results of this study corroborate the
hypothesis that Gt may be found interacting with dark Rho
as well as with any of the intermediate states in the photoacti-
vation pathway. Taken in the framework of the demonstrated
paracrystalline organization of Rho in native disk membranes
that would imply a very high concentration (i.e. an average of
48,300 Rho/lm2) and very low mobility of dark Rho [33],
this hypothesis acquires an even stronger foundation. In this
framework, dark Rho molecules would act as carriers of Gt
molecules that would move from one Rho molecule to another
due to a putatively fast dissociation kinetics. In this scenario, a
photon can hit an uncoupled dark Rho or a pre-coupled dark
Rho–Gt complex. In both cases, photoactivation would create
the conditions for reducing the dissociation constant, com-
pared to the complex that involve the dark Rho state, thus
allowing for the occurrence of the reciprocal structural changes
that lead to the achievement of fully activated Rho and Gt. In
this respect, and in line with our previous hypotheses [8], the
achievement of the fully active Rho state is expected to occur
in the complex with Gt. These hypotheses are being supported
by in vitro evidence that the conformational state of MII in the
isolated state diﬀers from that in a complex with a peptide
from the C-tail of Gt [34]. Further computational and
in vitro experiments are needed to address the ﬁt between
Rho–Gt precoupling and phototransduction mechanism.Acknowledgement: This study was supported by a Telethon-Italy
Grant No. S00068TELU (to F.F.).References
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